Articles you may be interested in NMR relaxation rate of a quantum spin chain with an impurity Low Temp. Phys. 38, 639 (2012) The conformal anomaly c determines the universality class of a model system in statistical mechanics, The value of c characterizes both 2D classical models and their ID quantum counterparts, The conformal anomaly may therefore be determined numerically for quantum spin chains using the relation: Eo(N) =Eo ( 00) XXZ model with uniaxial anisotropy in the vicinity of the critical point 6. = 6. z ~ 1,15 -1,18 have also been studied,
INTRODUCTION

Conformal invariance
l ,2 has provided a powerful tool for classifying statistical mechanical systems according to their critical behavior. A system at criticality is invariant with respect to a conformal algebra, 3 and is characterized by a number, the conformal anomaly, or central charge c that determines the universality class of the system, The same value of c characterizes both 2D classical models and their ID quantum counterparts. Blote, Cardy, and Nightingale, 4 and Affieck 5 have shown that the conformal anomaly can be found by studying the Iarge-N behavior of finite N chains, according to the expression
Eo(lv) =Eo(oo) -(1l1J/6)c(lIN
2 ) + (higher terms) , (1) where Eo ( 00 ) is the ground state energy per spin in the thermodynamic limit, N-. 00; Eo (N) Bethe Ansatz integrable models with SU (2) symmetry,6,7 Affieck 5 has predicted the following expression for c:
Obviously, each member of the class is in a different univer- 
where A is an anisotropy parameter, They showed explicitly the presence orIn N factors in the correction tenus and also why a naive finite-size scaling analysis on this system yields a critical point substantially in error. 12, 13 Morco lo and the present authors are particularly inter- Essentially aU workers in this area have tested the numerical approach on the spin-~ XXZ AFM with continuous symmetry, given by Eq, (1) , The expected value c = 1 has been found to high numerical accuracy in the appropriate parameter range 0<6.<1. In addition, we have studied the s = 1 integrable SU(2) chains,'''? again finding numerical results in excellent agreement with Affleck's predicted value.
OUf interest in numerical estimation of c has been broader than that of other authors. We have employed the technique in the fonowing connections.
(a) We have analyzed quantum spin chains which are not integrable to determine from the c value the universality classes of these models. The spin-~ HB AFM noted above is one example. Others of interest are the s = 1 and s = ~ XY models, believed to be in the universality class of the Gaussian, 2D XY, or Baxter models. In the case of the spin-l XXZ chain, the uniaxial critical point at A = A2 is predicted to be in the universality class of the 2D Ising model. 14 (b) A c value can only be defined if the statistical mechanical model is critical, i.e., gapless. If the numerical analysis is performed on a system which has an excitation gap, the result is a c(N) sequence which plunges to zero. Hence, in principle, this method can be used to determine whether or not a given system is gapless, a question of considerable interest since the controversial advent of the Haldane conjecture. 12,14 Tested on the integrable s = ~ XXZ AFM with uniaxial anisotropy (discrete symmetry) and a gap, the approach appears to work. Consequently, we have examined the s = 1 XXZ model at 11 = 1 (HB AFM) and also for A values in the range 1. (c) The common assumption is that nonintegrable systems will display critical behavior analogous to their integrable counterparts, with unique T c ' associated scaling behavior, and a clearly defined universality class. However, the dramatically different dynamical behavior of both types of system suggest the possibility of differences in the static (spectral) properties also. Some unusual spectral phenomena in nonintegrable systems have already been observed.
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Hence c-number calculations on nonintegraole systems are of particular interest.
NUMERICAL APPROACH
Neglecting higher terms, we may write ( 1) as (4) The left-hand side (LHS) is essentially the asymptotic slope of a graph of Eo (N) plotted versus (11#'), the intercept giving Eo ( 00 ), which is generally not known for a nonintegrable system. Assuming a gapless sin k-like, dispersion curve, the slope as k-->O is u, and is obtained numerically as 
Nt1E/12
and then take limit c = lim c(N) .
(8)
N-oo
Both approaches differ somewhat from the numerical approach of Moreo 10 and seem to give more consistent results.
Our calculations extend to rings of N = 14 spins for s = 1 and to N = 10 spins for s = ~.
RESULTS
s=1 AFlkf XXZ chain: As noted, for 0<11< 1, the value c = 1 is obtained to within 1 % accuracy. This apparent c value does not correspond to any known prediction for an s = 1 spin chain. It is possible that the method is not sensitive to the presence of a very small gap until N> 14, Le., the asymptotic behavior of the c(N) extrapolations changes for N> 14. By comparison, in the case of the nonintegrable spin-~ HB AFM, however, all previous numerical studies have tended to indicate the presence of a gap, more like the case of spin-l than spin-~. 
CONCLUSiON
We have used a numerical approach involving finite chain calculations to determine the value of the conformal anomaly c for a variety of spin chain models. Tested on the exactly integrable s = :i XXZ chain with planar anisotropy and the s = 1 integrable SU (2) model, our method gives excellent agreement with predicted values, which can also be obtained analytically. When applied to the s = 1 and s = ~ XY models, our method yields the value c = 1 to within 2 % accuracy, indicating that XY models of general spin s aU belong to the same universality class, that of the 2D XY, 2D Gaussian, or Baxter model. When applied to the spin-1 HE AFM, the method again yields the value c = 1 to within about 2% accuracy, supporting the Haldane prediction that all half-integer spin HB AFM's are in the same universality class. The fact that the s = 1 and 1 XY chains, and the s = ~ HB AFM chain, comprising three models thought to be nonintegrable, aU yield c values as well-defined as those associated with integrable models, supports the belief that critical behavior is unaffected by nonintegrability.
The situation is at present less conclusive in the case of two additional models of interest. In the case of the s = 1 chain with pure AFM biquadratic exchange, the existence of a gap is somewhat controversial, although strongly supported by theoretical arguments. We obtain an apparently well- 
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